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The inﬂuence of small non-precipitating cumulus clouds on buoyancy generated ho-
rizontal roll vortices is investigated by means of a two-dimensional numerical grid
point model. The length of the model domain is 7.375 km in the horizontal direc-
tion and 2.05 km in the vertical direction with a grid spacing of 125 m horizontally
and 50 m vertically. The large-scale two-dimensional eddies are calculated explicitly
by the model, while the small-scale turbulence is parameterized by a buoyancy and
wind-shear dependent mixing-length approach.
The model is applied to conditions corresponding to an observed case of cloud street
development (which occurred over the North Sea during the 1981 KonTur experi—
ment). Results are described for two simulations. The ﬁrst run simulates a case of
roll activity neglecting phase change effects, while in the second run the condensation
process is incorporated. In this manner the importance of the inﬂuence of the clouds
on the secondary circulation and the roll-scale transports can be ascertained. Quali-
tative and quantitative descriptions of the ﬂow ﬁeld for the moist and the dry case
are given. Additionally, the roll-scale velocity variances and the vertical transports
of temperature, humidity and along- and cross-roll momentum are compared with
observations.
2 Introduction
Horizontal roll vortices often visualized by cloud streets forming over the upward
mooving branches, are a frequent phenomenon in the atmospheric boundary layer.
Observations (e.g. KUETTNER, 1971 and LE MONE, 1973) yielded some of the
characteristic roll scales. The length of the parallel arranged cloud bands range from
20 to 500 km and the horizontal wavelength shows variations between 2 and 8 km.
The vertical extension of the vortices ranges from 0.8 km to 3 km and the aspect ra-
tios show values between 2 and 4. Since these organized convective motions transport
and redistribute momentum and energy it seems reasonable to suppose that there are
important feedback effects between the convective motions and the large-scale mean
ﬂow. Consequently, the formation of the longitudinal vortex rolls in ﬂuid layers has
been subjected to numerous experimental and numerical studies.
BROWN (1970) and WIPPERMANN et al. (1978) developed linear models to in-
vestigate the instability mechanismen. These models gave already the scales and
orientations of the rolls. Additionally two- and three-dimensional nonlinear models
were developed in order to simulate the development of the rolls in neutrally and
unstably stratiﬁed atmospheric boundary layers (MASON and SYKES, 1980, 1982,
CHLOND, 1987, BECKER, 1987). However, the inﬂuence of the condensation pro-
cess was neglected in most studies on this topic. In order to investigate also the
inﬂuence of the clouds on the secondary circulation and the transports this limita-
tion has been alleviated in the present study (by allowing small non—precipitating
clouds). The rolls are assumed to be two—dimensional and are modelled explicitly in
a vertical plane of ﬁxed orientation with respect to the geostrophic wind. Although
the model is far from being perfect for the simulation of such complex boundary layer
phenomena, it can give at least some insight in the exchange processes between the
roll circulation and the clouds. The model is similar to those developed by MASON
(1985) and SYKES, LEWELLEN and HENN (1988). But in contrast to these inve—
stigators we do not use the concept of the liquid water potential temperature. In the
present study the full set of primitive equations (momentum, heat, speciﬁc humidity
and speciﬁc liquid water content) is solved.
In section 3 the numerical techniques and the boundary conditions are outlined. In
section 4 the model is applied to conditions corresponding to an observed case of cloud
street development (which occurred over the North Sea during the KonTur experi—
ment). Results are described for two simulations. The two simulations begin with an
identical initialization, but differ in that way that one run includes the condensation
process whereas the other run does not. Qualitative and quantitative descriptions of
the secondary circulations for the dry and the moist case are given. Additionally, the
calculated roll—scale velocity variances and the vertical transports of along— and cross-
roll momentum, of heat and of humidity are compared with measurements. Finally
we will discuss and summarize our results.
3 The Numerical Model and Governing Equations
3.1 Governing Equations
The ﬂuid is supposed to consist of a mixture of two perfect gases, air and water
vapour, containing water droplets in suspension. The basic variables include the
u, 'v and w component of the velocity, the potential temperature (0), the speciﬁc
humidity (q), the speciﬁc liquid water content (q,) and the perturbation pressure.
In some instances (e.g. the buoyancy term in the vertical velocity equation) two
other thermodynamic variables are used, the virtual potential temperature 9,, =
(1. + 0.61q)0 and 91,; = (1 + 0.61q — q;)0 (a potential temperature taking into account
the weight of liquid water). The used equations are the Reynolds-averaged equations
for a Boussinesq ﬂuid written in Cartesian (:L',y,z) co-ordinates. Molecular terms
are neglected due to the high Reynolds numbers occuring in this kind of studies.
Additionally, the horizontal component of the Coriolis parameter is neglected. The
equations then read:
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p‘ is the perturbation pressure, p is the density and g is the acceleration due to
gravity. cP is the speciﬁc heat coefficient at constant pressure, f is the Coriolis para-
meter, TM are the subgrid scale Reynolds stresses or the subgrid scale temperature
and humidity ﬂuxes. The determination of the turbulent terms is the object of sec-
tion 3.2. The C and L.SC. indizes refer respectively to the effects of condensation
and large scale advection. The possibility of considering large-scale effects is useful
because it gives more ﬂexibility to the model in order to treat actual meteorological
cases and allows the existence of quasi long-term steady states with balanced budgets
of momentum, heat and water. The subscript ”5'” denotes the synoptic state and
the subscript ”0” denotes a reference state. The reference density p0 is chosen to be
independent of height. This approximation is justiﬁed for shallow convection (DUT-
TON and FICHTEL, 1969). aps/acc and 6125/33; (the horizontal pressure gradients)
are assumed to be constant in space and time and are related to the geostrophic wind
vector by:
1 3P5 1 3P5
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The perturbation pressure ﬁeld is obtained by taking the divergence of the equation
of motions and forming a Poisson equation:
%+%+%:W, (9)
1,51, ﬂu and $3 are the sums of the right-hand sides (except the p* gradient terms)
of the equations (2), (3) and (4). With equation (9) it is possible to determine the
pressure perturbation ﬁeld as a function of the velocity and temperature ﬁeld. The
Poisson equation from which the perturbation pressure p“ is obtained was solved by
employing the successive overrelaxation method (SOR).
Although observations and numerical experiments indicate that there are three-
dimensional elements in the quasi-two-dimensional structures we only use a two-
dimensional model due to the limitations of computer resources. We choose a co-
ordinate system, where the m—axis points in the direction of the vortex roll axis.
The roll vortices are hence obtained as two-dimensional solutions in the y-z—plane,
assuming horizontal homogenity in the m—directi‘dn.
3.2 Subgrid Parameterization
Representation of the subgrid-scale turbulent ﬂuxes is in this study accomplished
through ﬁrst order closure i.e., it is assumed that the subgrid—scale stresses are pro-
portional to the gradients of the corresponding quantities:
~ 81;,- + 31.55
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km is the vertical diffusion coefﬁcient for momentum. Heat and humidity ﬂuxes are
also proportional to the gradients of the corresponding quantities through a he and
a kq coefﬁcient:
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No distinction has been made here between water vapour and liquid water which are
supposed to present the same turbulent characteristics.
The eddy viscosity is parameterized by a mixing length approach, similar to that
used by MASON and SYKES (1982). In this formulation the local values of the eddy
viscosity km are a function of the local wind shear, stability and height, according to
the following relationship:
km = (-)23, (12)
where S is the determinante of the deformation tensor of the velocity ﬁeld.
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Thermal stratiﬁcation is included via the Dyer-Businger similarity functions, which
are related to a local Richardson number by:
g saw/a;= —— (14)
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The mixing length l is taken from BLACKADAR (1962):
NZ
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n is the von Karman constant and A is the asymptotic mixing length. qb is given by:
¢={1+6Rz‘ RiZO (16)
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The eddy diffusivity of heat (kg), speciﬁc humidity (kg) and liquid water content
(147,“) were related to km simply by k(9.qx) = 1.35 10,... For stability purposes, in the
momentum equations only, a small background value of km (2 mz/s) was added. A
background mixing in the equation of heat would lead to an unrealistic reduction of
the inversion strength.
3.3 Condensation Cycle
In order to take into account the condensation process the model predicts the spe-
ciﬁc humidity and the speciﬁc liquid water content. The formulation is similiar to
that used by SOMMERIA (1976). Therefore only a brief outline will be given here.
Condensation occurs in this concept as soon as saturation is reached at a given grid
point. If a grid volume is found to be saturated, it is assumed to be uniformly sa-
turated throughout the whole grid volume. Supersaturation and precipitation are
disregarded which is justiﬁed insofar as we are only interested in shallow convection.
The saturation speciﬁc humidity is computed from:
66,p—_ (1 H 6%, (17)4::
where 6 is the ratio of molecular masses for water vapour and air (6 = 0.622). e, is
the saturation water vapour pressure.
17.269(T — 273.16), =6.11-1 ‘2e 0 ”ﬂ T—35.86 ] (18)
The source terms due to condensation are computed through a one step saturation
adjustment.
cT2
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7 is the ratio of the speciﬁc heat coefﬁcient at constant pressure and constant volume.
L, is the speciﬁc latent heat for vaporization.
3.4 Boundary Conditions
For the simulation described in subsequent section the following boundary conditions
are used. At the lower boundary Monin-Obukhov similarity between the sea-surface
and the ﬁrst computational grid point is used in order to resolve the strong vertical
gradients in the surface layer. Therefore we have:
u(z) = Eu‘cosaUnQ/zo) — \I’M(z/L)]1, (22)
v(z) = :u*sina[ln(z/zo) — \IIM(z/L)],
0(z) = 0(zo) + %[ln(z/zo) _ alga/13)].
A relation similar to that for the potential temperature is assumed to hold for the
speciﬁc humidity as well. K, is the von Karman constant and 20 is the roughness
length. L is the Monin—Obukhov scale height. The angle a is given by:
a = arctan[:E::;]. (23)
The ”friction” velocity u. and the temperature scale 0* are given as:
rc[u3(vzp) + 029p)??? _ K.[6(Zp-2 — 9(zo)]
tn(zP/zo) — ‘IIM(mo/L)1 0* _ tn(zP/zu) — ‘I’H(zP/L)’ (24)
'U..:
where 2}: is the height of the surface layer. ‘1?M and WH are functions of the stability
parameter z /L and linked to the universal stability functions for momentum (I)M and
for heat <1)H:
2” ———1 _ @If(z/L)dz. (25)\IiM(z/L) = f” -]Mdz, \IIH(z/L) = f z
20
Following BUSINGER et al. (1971) the universal stability functions <I>H(z/L) and
§M(z/L) are given as:
awe/L) = <1 — mam-“4, «av/L) = 0.740 — 92/134”. (26)
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The Monin-Obukhov scale height is deﬁned by:
L = may: (27)
The potential temperature at the sea surface was set equal to the sea temperature
and was ﬁxed in the numerical-experiments. go is chosen to be the saturation value
at the sea surface.
At the upper boundary the vertical derivatives of the variables are supposed to remain
equal to their initial values. The vertical velocity is set equal to its large scale value.
6u_6v _ <94: _62 _ az _ 0, 0. (28)w = const, —a—z = const, 6—: 2 const and 62 —
The upper boundary conditions do not allow transmissions of gravity waves which
can be generated in the stable layer. This could lead to reﬂections and to an unreali-
stic distribution of momentum and energy. To avoid these unrealistic reﬂections a
so called ”Rayleigh-damping” is introduced in the stable layer of the model domain.
The ”Rayleigh-damping” is (due to the small vertical extension of the model (2.05
km» used in the whole stable layer. Of course, this procedure affects the generation
of gravity waves. It would be more favourable to use a deeper model domain. In
such a model the ”Rayleigh-damping” is only necessary in the uppermost part of the
stably stratiﬁed layer. In this case the internal gravity waves can propagate away
from the convective layer and be dissipated at higher levels without risk of reﬂection.
But due to the limitations of the computer resources this was not done in the present
work.
At the vertical sides cyclic boundary conditions are prescribed for the variables.
3.5 Numerical Scheme
3.5.1 The Grid
The staggered grid described by DEARDORFF (1973) was used for the simulations
described below. With the use of such a grid the derivative in a non-linear advec—
tive term may be represented essentially by a difference across a single grid intervall,
rather than across two intervalls as in the non-staggered mesh system. The tempe-
rature, the speciﬁc humitity and the speciﬁc liquid water content were located
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at the same points as the vertical velocity owing to be the importance of the buoyancy
term. Fig. 1 shows the grid.
Fig. 1: Relative locations of pressure (p'), the velocity components (11., v, 1.0), Virtual potential
temperature (61,), speciﬁc humidity (q) and speciﬁc liquid water content (q;) for the space staggered
grid.
The model contains 60 * 42 grid points in the used version. The horizontal grid
increment is 125 m and the vertical is 50 m. Therefore the physical domain has a
length of 7.375 km and a height of 2.05 km .
3.5.2 Nonlinear Advection Terms
The non linear advection terms are written in ﬂux form because this formulation
tends to conserve the spatially integrated kinetic energy. The recommended scheme





The prognostic equations are solved by using the Adams—Bashforth scheme with a
time step of 3 s.
ﬁ“=ﬁ+M§m—§W“L (m)
where Q,- = aui/at. n is the time index and At the time step.
3.5.4 Correction of the Poisson Equation
To ensure incompressibility, the Poisson equation is solved by applying the numerical
divergence operator 6/6w; to the numerical form of the equation of motion. The
Poisson equation can be written as:
36 a a a 1 .v w_ﬂ+£__vzp (31)2ﬁ(5;'+‘5;9'- ay 3; p0 '
The left hand side of (31) can be expressed as:
(9'0 6_'w 312 (97.0 31/)2 31.53r“4%+gmmwv—+—m—%wri on
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Equation (34) is not exactly compatible with the Adams-Bashforth method. There-
fore, equation (34) is replaced after DEARDORFF (1973):
2 6’0 6w 6¢2 61/13 1
_ _ __ ‘n _ _ n: _ tn 353(ay+az)/At+(ay aZ) pow < )
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4 Results
We made two simulations from initially cloudless, homogenous conditions. The in-
itial mean environment in both experiments had the PBL top at about 1000 m. The
inversion above the PBL has a strength of about 2K/100 m. The choice of the surface
temperature is such that the initial temperature difference between the sea surface
and the air is 1 K .wSincewe are interested in the marine boundary layer in particular,
a saturation condition on the humidity is used so that the surface humidity is set
equal to the saturated value at the appropriate surface temperature. The geostrophic
wind speed is chosen to be [ﬁgl = 20 m/s. The asymptotic mixing length is ﬁxed at
40 m in all runs. These conditions are similar to that observed on September 20 du-
ring the 1981 KonTur-experiment where a considerable number of cloud streets were
observed (see therefore BRﬁMMER, 1985). Values of the main input parameters are
given in Table 1.
zo = 0.000835 m f = 1.2 - 10‘45—1
2p=50m I179]: 20m/s
A = 40 m A0 % 1 K
Tab. 1: Important input parameters
In order to prevent a steady unbounded growth of the boundary layer a large scale
subsidence is introduced. The subsidence is set equal to 1.64 cms‘1 at the top of the
model.
In the ﬁrst experiment the prognostic equations were solved without considering the
condensation process. In simulation II we rerun experiment I but with including the
condensation process.
4.1 Case I (Dry Case)
4.1.1 Mean Proﬁles
Vertical proﬁles for 17., '5 and d (_ denotes horizontal averaged values) for case I for
different times are shown in Fig. 2. Shown are initial proﬁles (solid), proﬁles after
1.5 hours (long dashes) and after 2.5 hours (short dashes). The initial temperature
proﬁle is characterized by a rather strong gradient in the surface layer and a well
mixed layer above. The boundary layer is capped by a strong inversion which is
deﬁned by a sharp increase in the temperature gradient above the well mixed layer.
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The initial along-roll wind component exhibits a strong wind shear in the surface
layer. In the mixed layer the ﬁ—proﬁle increases with height and reaches an absolut
maximum in the upper part of the PBL. The cross-roll wind component is characte—
rized by a tangent like proﬁle.
a, b, C,
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Fig.2a—c: Temporal evolution of the horizontal averaged proﬁles of 0-, 1'1 and 17 for case I.
Due to the surface heat ﬂux the mixed layer is warmed and the temperature difference
between the sea surface and the air is lowered. Variations of the boundary layer
height are (due to the large scale subsidence) small. The mean vertical gradient of
the u—momentum is (due to the longitudinal momentum transports associated with
the rolls) reduced. The v—component is enhanced in the most part of the roll layer.
Vertical proﬁles of horizontally averaged variances of the components of the roll
motion are presented in Fig. 3. Additionally, the roll-scale vertical transports of
longitudinal and lateral momentum and of heat are presented. A comparison between
the model statistics and observations is difﬁcult. MASON and SYKES (1982) found
that the turbulence statistics have to be averaged over a period of a few hours for
an unchanged mean flow to obtain an accurate turbulence statistic. Over this period
the mean flow changes signiﬁcantly in this case. Additionally, one has to keep in
mind that the two-dimensionality of the model leads to unrealistic roll-scale variance
ratios (uh/1272) (see CHLOND (1987) and BECKER (1987)). Therefore, one should
take the comparison between the measured statistics and the model statistics (which
is obtained by averaging results from realizations over a period of twenty minutes
starting 1.5 hours after the initial perturbation) not too literally. The measured
data are marked with dots and crosses and refer to aircraft measurements from the
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Fig. 3a—f: Vertical proﬁles of horizontally averaged variances of the longitudinal perturbation velocity,
the lateral perturbation velocity and the vertical velocity for case I (uh, uh, ill-’2). Additionally, vertical
proﬁles of the momentum ﬂuxes and the heat ﬂux are shown (u’Tw’, v’iu’, 1070;). Data are marked
with dots and crosses and refer to aircraft measurements from the FALCON and the HERCULES,
respectively.
The roll-scale 1Z’-variance is large at the surface and decreases with height. The '5’-
variance proﬁle has a quite different shape. The proﬁle has, as expected for a roll
circulation, a maximum at the sea surface and a secondary maximum in the upper
part of the roll layer. The ratio (uh/v72) is much larger than observed. This is
(as mentioned before) a consequence of the two-dimensionality of the model. In a
two-dimensional model the longitudinal component is virtually decoupled from the
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dynamics of the other component resulting in a storage of energy in this component.
The 15’—variance values increase from the sea surface up to one third of the boundary
layer where an absolut maximum of the “LE-variance occurs. In the upper part of the
roll layer the 113’-variance decreases.
The calculated longitudinal momentum ﬁux proﬁle has a maximum close to the sea
surface and decreases rapidly with height to values near zero at the top of the roll
layer. The lateral momentum ﬂux is generally smaller than the longitudinal momen-
tum ﬂux. The heat ﬂux proﬁle has high values near the surface and decreases with
height. In the upper part of the PBL the downward entrainment of warm air above
the inversion leads to a negative vertical heat ﬂux.
4.1.2 Structure of the Secondary Circulation
The roll vortex development starts about 1.5 h after the initial perturbation. Fig.
4a and 4b show realizations of the vertical velocity ﬁeld for fully developed rolls.
Results at time 2 h and 2.08 h are presented. The velocity values shown were nor-
malized using the maximal vertical velocity occuring in the model domain. The ﬁrst
obvious feature of the flow is that they are far from regular. There are some large
scale rolls extending to a several hundred meters but there is also some energy in
smaller scales. The picture of the ﬂow pattern shown here is in qualitative agreement
with model results obtained by MASON and SYKES (1982) and CHLOND (1987).
2.0 - "'——__"'_'z_ "_"."_ ‘-—- 'E 2.0 — i
x
Fig. 4a, b: Realizations of the vertical velocity ﬁelds for case I at time t = 2 h (Fig. 4a) and t = 2.08 h
(Fig. 4b). Solid contours denote positive values, dashed negative values. All values were multiplied
by a factor 10.
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4.2 Case II (Moist Case)
In our second experiment we rerun the ﬁrst experiment but with including the con-
densation process.
4.2.1 Mean Profiles
Vertical proﬁles for 5, 17., 5, {1' and g"; at time t = 0 h, t = 1.5 h and t = 2.5 h are
shown in Fig. 5a-e. As mentioned before the initial proﬁles of wind and temperature
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Fig. 5a—e: Temporal evolution of the horizontal averaged vertical proﬁles of g, 17. ,6, (f and ti; for case
II.
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As in the dry case the mixed layer is warmed due to the surface heat ﬂux. The
temperature difference between the sea surface and the air is lowered. Beyond that
the temperature ﬁeld is also modiﬁed by cloud activity. The cloud layer and the well
mixed layer are heated due to latent heat release. In contrast to the dry case a small
boundary layer growth is observed which is a result of the latent heat release in the
cloud layer. The mean velocity proﬁles are very similar to that observed in the dry
case. Therefore; one can suggestnthat the direct inﬂuence of the cloud ﬁeld on the
Wind ﬁeld is small. The initial speciﬁc humidity proﬁle is an almost monotonically-
decreasing function of height, except near the surface where the ocean surface yields
high humidity values. At all levels in the mixed layer a rise in speciﬁc humidity is
observed. Vertical proﬁles of the horizontal averaged liquid water content are shown
in Fig. 5c. The liquid water content increases with height in the cloud layer and
reaches an absolute maximum in the upper half of the cloud layer. Above this level
the liquid water content decreases with height upward to zero at the cloud top. It
should be mentioned that the average of the liquid water content of the whole domain
shows a large temporal variability with bursts of large liquid water contents seperated
by periods with smaller liquid water contents.
Vertical proﬁles of the velocity variances and the roll-scale transports are presented in
Fig. 6. The shown proﬁles are (as in the dry case) averaged results from realizations
over a period of twenty minutes starting 1.5 h after the initial perturbation. As in
the absence of clouds the longitudinal velocity variance proﬁle exhibits an absolut
maximum near the surface. The values decrease towards the top of the boundary
layer. Above 1200 m the longitudinal velocity variance is negligible. The lateral
velocity variance has a maximum near the sea surface and a secondary maximum at
the top of the roll layer. On the whole the longitudinal and lateral velocity variance
proﬁles are very similar to that in the dry case. The relation (11.72 /v72) is nearly the
same as in the dry case. The 7.5’-variance proﬁle increases with height and reaches
an absolut maximum in the ﬁrst third of the roll layer. In the upper part of the roll
layer the u3’-variance values decrease. In the cloud layer the latent heat release leads
to u-i’-variance values which are somewhat larger than in the dry case. The proﬁles
of the longitudinal and the lateral momentum ﬂux are very similar to those in the
absence of clouds. The largest effect of the condensation process is seen in the heat
ﬂux. In the moist case the heat flux proﬁle exhibits beyond the local maximum near
the sea surface a second local maximum in the cloud layer. Due to the weak cloud
activity in this case the second maximum of the heat ﬂux proﬁle is of course not
very strong. In the upper part of the cloud layer the heat ﬂux decreases slowly to
slightly negative values at the inversion. The humidity ﬂux increases up to a height
350 m below the cloud base. Above this level the moisture ﬂux decreases with height
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Fig. 6a—g: Vertical proﬁles of the variances
of the longitudinal perturbation velocity, the
lateral perturbation velocity and the vertical
velocity for case II (U72, '07:, wk).
Additionally, vertical proﬁles of the momentum
ﬂuxes, of the heat ﬂux and of the humidity
ﬂux are shown (u’w’,v’w’,w’6’, w’q’).
Other features as in Figures 38.-f.
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4.2.2 Structure of the Secondary Circulation
As in the dry case the roll vortex development starts 1.5 h after the initial pertur-
bation. Fig. 7a—d show typical realizations of the vertical velocity ﬁelds and the
corresponding liquid water ﬁelds for fully developed rolls. The velocity and liquid
water values were normalized using the maxima of these quantities occuring in the
domain. Results at time 2 h and 2.08 h are presented. The ﬂow structure appears
similar to that found in a dry inversion-capped convectiVe boundary layer case. The
ﬂow is again dominated by boundary layer rolls which are not steady in form or highly
regular. Four counterrotating vortex pairs are to be seen. The maximum vertical
velocity reaches more than 1.5 m/sec.
Clouds, the word cloud referring to regions where q; is positive occur between 700 and
1000 m. The maximum liquid water content reaches .lg/kg (Fig. 7c) and .IZg/kg
(Fig. 7d) which seems to be reasonable for small cumuli. Cloud cover varies between
30% and 40%. A strong positive correlation between the two ﬁelds of liquid water
and the vertical velocity is clearly apparent. This strong correlation was also obser-
ved by MASON (1985) who investigated a similar case of roll motion. The clouds are
characterized by ascending motions surrounded by regions with descending motions.
A truncation error (which leads to small negative liquid water contents) is sometimes
noticable around cloud base. This deﬁciency seems to be common for the condensa-
tion formulation used in this study (see therefore also SOMMERIA, 1976) and could
be corrected by using a better resolution. Better results might also be possible by
using the concept of the liquid water potential temperature. However, the occuring
negative liquid water contents are very small in this study. Therefore, the chosen
procedure seems to be justiﬁed.
The inversion observed at the top of the cloud layers acts as a ”lid” to further vertical
development and, thus the rise of cumulus clouds is hindered.
In order to compare the predicted aspect ratio with the observations the horizon-
tal distance of the neighbouring updrafts was determined every time step during an
averaging period. The time interval was chosen in a way that the KonTur conditions
were roughly fulﬁlled during the averaging period. The time averaging interval was
a period of twenty minutes starting 1.5 h after the initial perturbation. The average
aspect ratio was determined to be about three which is consistent with observations
by BRllMMER, 1985. It should be mentioned that four hours after the initial per-
turbation (the KonTur conditions are no longer fulﬁlled) a roll spacing was observed.
However, the model does not treat motions of a scale larger than 7 km. Therefore, a





Fig. 7a—d: Realizations of the vertical velocity ﬁeld and the corresponding liquid water ﬁeld for case
II at time t = 2 h (Fig. 7a and 7c) and t = 2.08 h (Fig. 7b and 7d). Solid contours denote positive
values, dotted negative values. The velocity and liquid water values were normalized by using the
maxima of these quantities occuring in the domain. All values were multiplied by factor 10.
4.3 Conclusions
In this paper we have presented the results on boundary layer rolls from a study of a
two-dimensional grid point model which contains a water cycle with cloud formation.
Our interest was to examine the inﬂuence of the clouds on the secondary circulation,
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and the model statistics.
In the dry case the ﬂow ﬁeld showed a pattern with a typical helical roll secondary
circulation. The flow pattern as well as the model statistics were similar to that
obtained by MASON and SYKES (1982) and CHLOND (1987).
In the presence of moisture, the ﬂow ﬁeld showed again a pattern with a roll circula—
tion which was similar to that obtained in the dry case. Clouds occurred at the top
of the updraughts of the boundary layer rolls (if the boundary layer was sufﬁcient
humid).
The secondary ﬂow statistics as well as the geometrical roll parameters and the cloud
generation were compared with observations. The predicted roll parameters (which
were very similar for the dry and the moist case) and the cloud generation were in
the limits to be observed. The secondary flow statistics could (in the dry and in
the moist case) only be qualitatively reproduced by the model. The largest effect of
condensation is seen in the heat ﬂux. In the moist case the heat ﬂux showed beyond
the local maximum near the surface layer a secondary maximum in the cloud layer
which led to slightly larger vertical velocity variances in the cloud layer than in the
dry case. The influence of the latent heat release on the wind ﬁeld seems to be on
the whole not crucially important. However, one has to keep in mind that all results
are very sensitive to liquid water content and therefore sensitive to the large scale
parameters (especially large scale subsidence) which are often rather unknown para-
meters. More parameter combinations of air-sea temperature difference, mean wind
speed and large scale parameters should be used before further general statements
can be made.
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speciﬁc heat coefﬁcient at constant pressure
Coriolis parameter
gravitational acceleration
subgrid eddy coefﬁcient for momentum, heat,
humidity and liquid water content
mixing length
speciﬁc latent heat for vaporization
pressure
speciﬁc humidity




velocity components in respective x, y, z directives
components of the geostrophic wind
”friction” velocity
roughness length
height of the surface layer
time step increment
a. constant reference value
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5(subscript) a synoptic value
‘I’M, (I’H
ratio of molecular masses for water vapour and air
potential temperature
virtual potential temperature
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